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This is the final report for the ARO/LPS project at Yale University, on the RF control and measurements of superconducting 
qubits. During this project, we performed the proposed research work, which was revolving around four major axes: I. The 
improvement of qubit coherence by investigating the nature of the various sources of decoherence, II. The improvement of 
readout fidelity by establishing the parameters influencing the efficiency and speed, III. The novel manipulation and 
entanglement of multiple qubits by developing gate hardware, protocols and room temperature electronics extendable to 
systems comprising more than two qubits, and IV. The development of a scalable architecture combining superconducting 
linear resonators and superconducting qubit. The overall goal of the project was to assess the potential of superconducting 
qubits for the construction of a quantum computer based on superconducting Josephson circuits.


By project end, we have realized qubit and cavity devices with an energy decay times in excess of a millisecond, or an 
improvement by almost three orders of magnitude. Using novel degenerate and non-degenerate amplifiers developed during 
this project, we can now perform the readout of qubits with a fidelity and speed allowing more than 2000 bits to be learned on 
the qubit evolution during its lifetime. New protocols and hardware have been tested successfully that entangle three qubits, 
entangle a qubit and a cavity, entangle a qubit and a flying coherent state, prepare a Schroedinger state in a cavity, stabilize 
autonomously the ground state of one qubit or an entangled state of two qubits. The error correction of a three-qubit register 
was also shown. Basing ourselves on the knowledge stemming from these various measurements, we are now able to propose 
an original architecture that, with minimum hardware, can implement fault-tolerant memory and gates on logical qubits. In all, 
more than 50 publications in peer-reviewed journals were generated in this project (the list is given at the end of the report, with 
a majority of the publications in rank A international journals such as Nature, Science and Physical Review Letters; in the 
following, we refer to this list by numbers in square brackets). 


These results, especially improved “3D” designs and parametric amplifier readout chains, have been widely adopted and 
successfully reproduced by many groups across the superconducting qubit community. Through the program, we have provided 
an existence proof that superconducting qubits satisfying the quantum error correction threshold are possible with existing 
materials, fabrication techniques, and existing room-temperature electronics, leading to a growing belief that large-scale 
quantum computation with solid-state devices will eventually be realized [13].

Technology Transfer

PERCENT_SUPPORTEDNAME

FTE Equivalent:

Total Number:



1 
 

 

RF Control and Measurement of Superconducting Qubits 

Final Report for ARO Grant to Yale University 

Grant number: W911NF-09-1-0514 

 

 

Michel Devoret 

Luigi Frunzio 

Steven Girvin 

Leonid Glazman 

Robert Schoelkopf 

 

Yale University 

Departments of Applied Physics and Physics 

2/14/2015 

 



2 
 

Period of performance  

September 15
th

 2009 - September 15
th

, 2013 

 

 

Report Abstract: 

 

This is the final report for the ARO/LPS project at Yale University, on the RF control and 
measurements of superconducting qubits. During this project, we performed the proposed 
research work, which was revolving around four major axes: I. The improvement of qubit 
coherence by investigating the nature of the various sources of decoherence, II. The 
improvement of readout fidelity by establishing the parameters influencing the efficiency and 
speed, III. The novel manipulation and entanglement of multiple qubits by developing gate 
hardware, protocols and room temperature electronics extendable to systems comprising more 
than two qubits, and IV. The development of a scalable architecture combining superconducting 
linear resonators and superconducting qubit. The overall goal of the project was to assess the 
potential of superconducting qubits for the construction of a quantum computer based on 
superconducting Josephson circuits.  

By project end, we have realized qubit and cavity devices with an energy decay times in excess 
of a millisecond, or an improvement by almost three orders of magnitude. Using novel 
degenerate and non-degenerate amplifiers developed during this project, we can now perform the 
readout of qubits with a fidelity and speed allowing more than 2000 bits to be learned on the 
qubit evolution during its lifetime. New protocols and hardware have been tested successfully 
that entangle three qubits, entangle a qubit and a cavity, entangle a qubit and a flying coherent 
state, prepare a Schroedinger state in a cavity, stabilize autonomously the ground state of one 
qubit or an entangled state of two qubits. The error correction of a three-qubit register was also 
shown. Basing ourselves on the knowledge stemming from these various measurements, we are 
now able to propose an original architecture that, with minimum hardware, can implement fault-
tolerant memory and gates on logical qubits.  In all, more than 50 publications in peer-reviewed 
journals were generated in this project (the list is given at the end of the report, with a majority of 
the publications in rank A international journals such as Nature, Science and Physical Review 
Letters; in the following, we refer to this list by numbers in square brackets).  

These results, especially improved “3D” designs and parametric amplifier readout chains, have 
been widely adopted and successfully reproduced by many groups across the superconducting 
qubit community. Through the program, we have provided an existence proof that 
superconducting qubits satisfying the quantum error correction threshold are possible with 
existing materials, fabrication techniques, and existing room-temperature electronics, leading to 
a growing belief that large-scale quantum computation with solid-state devices will eventually be 
realized [13]. 
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Project overall goals and team composition: 

 

This ARO/LPS project was constructed to be a comprehensive theoretical and 
experimental investigation of the limitations of coherence, control and readout of 
superconducting qubits such as the transmon, the fluxonium. The project was also supposed to 
investigate the same issues on microwave cavity resonators which are necessary companions of 
the artificial atoms of circuit QED systems. The project also specified that the results should 
lead, during the project duration, to the generation a new architecture which, while taking into 
account the limitations discovered in the other research line of the project, would exploit the 
strength of superconducting solid-state devices to evaluate their ultimate potential as a quantum 
technology.  

The project was a collaboration between the theoretical group of Prof. Steve Girvin and 
two experimental groups (Prof. Robert Schoelkopf and Prof. Michel Devoret, as assisted by 
senior research scientist Luigi Frunzio), all located at Yale University. In each group, several 
teams worked on the project, each team typically consisting of a post-doc working with one or 
two graduate students. We also systematically collaborated with the theoretical group of Prof. 
Leonid Glazman at Yale University. 

 
Questions that defined the workflow of the project: 

  
The workflow of the project was based on the concept that we would implement in a 

superconducting circuit system the following quantum optics paradigm: several artificial atoms 
are coupled to resonators that can serve two purposes:  coupling the atoms and reading their 
state. As we are going to see in this report, the results obtained by the project made it evolve in a 
direction that will be extremely fruitful for the development of quantum solid state technology: 
some resonators, with particular high quality factor, can be used to store quantum information, 
and the role of the atoms is shifted from quantum memory and the target of gates to that of 
serving the resonator by endowing it with the right amount of non-linearity. 

 
In any case, in the entire scope of the project, the effective Hamiltonian at the heart of all 

the systems addressed by theory and experiments is supposed to be as close as possible to 

1 , , .. 1 , ,

, , , ,
a rN N

s

j i i i ijs i i

j s e f h i i j s

H
j s j s a a j s j s a a  (1) 

where the first term contains the Hamiltonians of the artificial atoms, the second term contains 
the Hamiltonians of the resonators, and the third term describes the coupling between the atoms 
and the resonators. In these expressions, the indices i, j, s refer to the resonator index, the atom 
index and the state of one particular atoms, respectively. Atomic states run g, e, f, h, ... etc... 
using a notation often used in atomic physics. The symbol a denotes the resonator boson field 
operator, and i   denotes the frequency of a particular excitation. Finally, the 3-index parameter 

ijs  describes the particular frequency shift that a cavity undergoes due to a particular atom 
being in a certain state. This parameter corresponds to the crucial effect of circuit QED:  the 
effect that allows the readout of a particular atomic state by the observation of the phase shift 
that a flying coherent state undergoes when it visits a resonator coupled to the relevant atom. In 
our project, the number of atoms 



Na  went up to 3 and the number of resonators 



Nr  went up to 2.  
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Thus, given to the open nature of our system, one must consider, in addition to this 
Hamiltonian, several extra ingredients: i) the atoms can be driven by oscillating fields 



h j  that 
bring them from the ground state to any excited state, and the cavity can be excited in coherent 
states by drives 



 j . 
 

ii) the resonators are on purpose coupled to external transmission lines, inducing a finite inverse 
lifetime 



 i for the photons. This inverse lifetime determines the speed at which one can extract 
information from a resonator.  

 
Given this ideal effective Hamiltonian, and the driven-damped character of our circuits, a 

certain number of questions were considered during the project. 
 
Qubit and resonator coherence problem 
First, the states of the atoms have inverse lifetimes 



j
s due to decoherence mechanisms. In 

turn, each decoherence mechanisms can act on the atoms by dephasing them or by provoking 
their energy to decay, or both. Thus for the transition involving the ground and first excited state 
(qubit 0 to qubit 1) we have the inverse coherence time 



1

T2

1

2T1

1

T
 

where 



T1 denotes the energy relaxation time (inverse energy loss rate) and 



T  denotes the 
dephasing time. At the outset of the project, the question was to determine which of the known 
or suspected sources of loss and dephasing were actually most important, to then pinpoint their 
location or the materials defects in which they originated, and then to design and fabricate 
devices with improved characteristics and materials so as to increase the coherence time. The 
work of this project thus complemented and ran parallel to the CSQ project whose main goal was 
to identify materials problems in superconducting qubits. While much remains to be understood 
in the identification of the mechanisms, we will see in this report that, without any change to the 
materials used in qubit fabrication, we have been able to increase the coherence time by several 
orders of magnitude simply by designing qubits that were less exposed to known losses. We will 
discuss our method, based on the analysis of participation ratios of various components to the 
energy of an excitation (whether it is an atom-like or resonator-like excitation), below in this 
report. 

 
Second, the resonators themselves can have imperfections. They can have internal 

dissipation and their quality factor Q must thus be decomposed into 



1

Q

1

Qext

1

Qint
 

where, for a particular resonator i  



 i 
 i

Qi,ext
 

Here also, mechanisms had to be investigated by the participation method to determine which 
energy loss mechanism was dominant. Great progress was obtained by designing 3D resonators 
instead of planar ones. The reasoning is simple: in a 3D geometry, the dielectric can be made 
dominantly the vacuum, a trustworthy insulator. Removing the influence of lossy dielectrics, 
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inherent in all planar circuits, was a key step in determining other residual mechanisms.  By 
allowing 3D designs, the importance of interfaces and surface imperfections was also 
substantially improved. All superconducting quantum circuits, regardless of their design, are 
inherently three-dimensional devices, which must be respected when building and using them. 
Our understanding generated during the period of this grant indicates that 3D devices will always 
allow a substantial (several order of magnitude) increase in coherence for a given set of materials 
properties. 

 
Third, spurious electromagnetic modes, not accounted for in the Hamiltonian (1), can 

spuriously couple to the atoms or the resonators. Their own losses can then be inherited by the 
parts of the systems. The question addressed by the project was to find methods that would 
remove all possible spurious electromagnetic modes, to both prevent ambiguity in the study of 
the losses of key elements, and improve the general microwave hygiene of our circuits.   

 
Fourth, the effective Hamiltonian does not include possible higher order coupling terms 

between the atoms and the readout resonator. Thus it is possible that the qubit loses energy to the 
readout resonator. This type of non-QNDness of the system is called the Purcell effect, and the 
project addressed the question of its minimization. This problem was dealt with use of Purcell 
filters in the case of the Transmon. The fluxonium possesses a natural robustness to the Purcell 
effect by the nature of the matrix elements coupling the atom to the readout resonator. 

 
The readout problem 
In dispersive type of readout described above is performed by sending a microwave pulse 

containing a few photons to the readout resonator and measuring the phase shift (typically of the 
order of 1 radian) induced by the state of the atom. The duration of the pulse is a few resonator 
lifetime (of the order of 100ns). The question is thus to amplify this signal with a minimum 
amount of noise. At the start of the project, we had decided to use Josephson parametric 
amplifiers. The question addressed by the project was how to design and realize optimal 
amplifiers in terms of their bandwidth, gain, added noise and dynamic range. These desired 
characteristics tend to be mutually incompatible and finding the best compromise was the task 
tackled by the project, both theoretically and experimentally. In addition, it is important in the 
future that the amplifier is integrated with the qubit. However present day circulators and 
isolators that prevent further amplifier stages on the route to room temperature acquisition 
electronics then to send their noise back to the quantum circuits. It was thus desirable to 
investigate how to perform directional functions with only Josephson elements.  
  

The gate synthesis problem 
While in principle Hamiltonian (1) supplemented by drives of the qubits  and resonators 

allows arbitrary manipulations of quantum states of the system, the question addressed by the 
project was to determine the simplest protocols that would, in a minimum amount of time, 
perform a quantum information processing function. Or in other words, what is the optimal 
sequence of signals that need to be sent to the qubits and resonators?  Of particular interest were 
the operations that would entangle the qubits and perform quantum error corrections.  
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The scaling architecture problem 
Even if the different components of the architecture outlined by Hamiltonian (1) were 

separately optimized, the question would remain as to whether it is possible to assemble a large 
set of qubits, resonators, and corresponding readout chains in a way that would be scalable, i.e. 
the complexity, measured in number Nq of qubits, should render the cost and difficulty of 
realization grow no faster than the first power of Nq and possibly less. On the technical side, we 
addressed the question of simplification of the room temperature electronics. On the theory and 
experimental side, the question we addressed was whether we could take advantage of the large 
Hilbert space offered by superconducting cavities and their relatively large quality factors to 
encode quantum information in hardware-efficient way, with the Josephson artificial atoms 
serving to provide non-linearity to the cavity, instead of serving as the quantum memory. In such 
architecture, there is a leverage of the quality of the atoms. For instance, if the quality factor of 
the cavity is 10 million while the qubit is only a million, it is possible to transfer enough non-
linearity from the qubit to the cavity without having the qubit participating on more than 10% of 
the cavity. This causes the spoiling the quality factor by only a factor of two, making the 
combined qubit+cavity system having a quality factor 5 times better than the qubit alone. The 
exploration of this strategy, together with the exploration of FPGA electronics, constituted our 
main effort in devising a scaling strategy for quantum circuit architecture. 

 
 

Methodologies, devices and concepts elaborated and/or employed during the project 

 
Participation ratios [35, 34 15, 8]:  
The overall quality factor Q of a circuit element of a resonator (inductance or 

capacitance), defined as the ratio between the maximum energy stored in that element, and the 
energy lost per radian of phase increase due to all the dissipation mechanisms of that element can 
be written as 



1

Q


pm

Qmm

 ; pm 1
m

  

Here, 



pm denotes the particular participation of dissipation mechanism m and 



Qm  stands for the 
quality factor associated with the mechanism (it would be the overall quality factor if  the 
mechanism would fully participate). By measuring the overall quality factor of a resonator and 
by knowing the participation of a suspected mechanism, one can get a lower bound on the 
quality factor of that mechanism, assuming it is the only contributor. The reason why only a 
lower bound can be obtained is that the contribution of other dissipation mechanisms can mask 
the influence of the mechanism under investigation. It is thus of extreme importance to reduce 
first the trivial sources of dissipations, for instance energy lost to spurious modes, that can be 
cured by improved microwave design of the experiment. Furthermore, by varying the 
participation ratio of the suspected dissipation mechanism (for instance the participation of the 
dissipation at the surface of the substrate can be diminished by varying the pitch between two 
conductors placed on the substrate and whose potentials oscillate in phase), one can infer from 
the measurement of the overall quality factor a better assessment of the quality factor associated 
with that mechanism. But the challenge then is that one as to make sure that in changing the 
participation ratio of the target, everything else had stayed the same in the experiment. 
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Compact resonators [34] 
These resonators are made by combining a distributed meander inductor and a distributed 

inter-digitated capacitor in the most compact manner as possible, in order to benefit from a ratio 
of about 4-5 between on one hand the lowest resonating mode of the structure, which can be 
described as an oscillation of energy flowing back and forth between the inductor-like part and 
the capacitor-like part (LC-type resonant mode), and on the other hand the self-resonances of 
each of the reactive parts. It is possible to design these resonators so as to vary the independently 
the participation of capacitive losses and inductive losses. Results were consistent with the 
presence of surface capacitive losses.   

 
3D Transmon [35] 
Preliminary experiments having pointed out the importance of capacitive losses 

originating at the surface of the substrate, we designed a novel type of transmon, nicknamed 3D 
transmon, in which the participation of this type of dielectric loss was minimized. Instead of a 
very miniaturized compact interdigitated capacitance shunting the junction, a large antenna 
fulfills this role, with the effect of distributing the electric field over a much large volume, 
minimizing the participation of the substrate surface. The direct radiation losses of this antenna 
are eliminated by placing the chip supporting the junction and antenna in a 3D cavity. Resorting 
to a 3D cavity is not abandoning the miniature aspect of the superconducting qubits. The cavity 
is in fact the sample box itself, which has to be present in any case to shield the qubits from 
spurious infrared radiation. One should rather view the 3D-transmon strategy as a way to fight 
decoherence by getting rid of all superfluous and suspicious hardware in the sample box: ground 
planes on the chip, wire bonds, printed circuit board for the connections between chip and 
transmission lines couplers. The strategy can be described better by pointing out to the fact that 
the coupling between transmission lines, the resonator and the qubit is now done only through 
miniature microwave antennas. Such elements can be much better characterized at microwave 
frequencies than miniature wire connections and ground planes with many cuts. Let us point also 
the fact that the mode structure of a 2D chip becomes extremely complicated when the chip is 
placed in a metallic enclosure. The 3D strategy makes the enclosure part of the system and 
maximizes the use of vacuum as the dominant dielectric. 

 
Black box quantization [23] 
Once it is accepted that the quantum circuit is formed by the reunion of various 

electromagnetic distributed elements combined with Josephson junctions, a key problem arises 
as to best formulate the Hamiltonian of the system. We have developed a partly 
phenomenological methodology for this purpose, which we have nicknamed "Black-Box 
Quantization (BBQ)". In this methodology, the junction is decomposed into its linear inductance, 
given by the Josephson inductance LJ, and a non-linear parallel inductance in which the phase of 
the junction is treated to 4th order. Using a Maxwell equation solver like HFSS, the 
electromagnetic eigenmodes of the linear system incorporating the junction only through LJ are 
then found. The BBQ scheme then produces all the Kerr and cross-Kerr terms of the Hamiltonian 
from the participation ratios of all the modes in the junction phase fluctuations.  

 
 
 
 



8 
 

Purcell filters [58,14] 
The transmon poses the following problem: given a readout cavity coupled to a 

transmission line with a rate , the Purcell relaxation rate 1 of the transmon with self- Kerr non-
linearity  and cross-Kerr  to the cavity  is intrinsically linked to  by the relation: 

1  

This limits the signal-to-noise ratio of the readout-out since the length of the readout 
signal cannot exceed a certain number of cavity lifetimes. However, this limitation can be 
circumvented if behind the readout cavity, in the transmission line linking it to the first stage of 
amplification a filter is inserted that is reflective at the qubit frequency while passing the readout 
signal bandwidth at the cavity frequency. We have successfully explored this strategy.  

 
Superinductor and bridge-free fabrication techniques [51, 50, 28] 

 Analysis of the full fluxonium Hamiltonian revealed that its superinductor – an array of 
large Josephson junction producing a large kinetic inductance – needed to be as large as possible 
while maximizing the plasma frequencies of the arrays and the Josephson energy of each 
individual junctions. Progress in the superinductor characteristics were made possible through a 
new fabrication technique developed previously in Grenoble by one of our post-docs. The 
microwave quality factor of superinductors were characterized by incorporating them in a 
resonant circuit.  
  

Inductive readout and 3D Fluxonium [28,6,2] 
The analysis of the T1 limitations of the fluxonium showed that any on-chip capacitance 

in parallel with the phase-slip junction was detrimental. The capacitance involved in the coupling 
to the readout resonator could be eliminated by coupling the artificial atom inductively. 
Furthermore the readout resonator itself could be realized in the form of a resonant antenna. This 
led to the concept of the 3D fluxonium in which both the qubit and its readout resonator are 
integrated in the artificial superconducting atom, itself placed on sapphire chip in the middle of a 
3D cavity. Unlike the 3D transmon, the atom is not part circuit, part cavity. The atom is entirely 
located on-chip, the cavity providing only one convenient way to interrogate the readout 
resonator. The cavity can be replaced by a waveguide which offers the possibility of multiple 
atom readout.  

 
Josephson junction with double bias: phase-bias at dc and voltage-bias at RF [38,36] 
The usual description of the Josephson effect involves either a voltage-bias of the 

junction or a phase bias. With any of these biases, the 4th term in the Josephson theory of the 
current flowing across a junction is quite unclear. We have progressed in the understanding of 
the original prediction by considering a junction that is phase-biased at DC and voltage-biased at 
RF frequency. This form of bias in ideally suited to the qualitative understanding of the role of 
out-of-equilibrium quasiparticles in the decoherence of both the fluxonium and transmon.  

 
Trilinear coupling of modes [48,47, 18,16,12] 
The Josephson ring modulator offers the advantage to couple together three resonators by 

an Hamiltonian term that is linear in each of the resonator filed amplitudes. This offers a robust 
way to process analog quantum signal by decoupling completely the signal and idler channels 
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from the pump. This non-degenerate mode of operation is particularly important for frequency 
converter operations.  

 
Hanger geometry for multiplexing of signals to different resonators [34,15] 
The coupling of a transmission line to an electromagnetic resonator can be done in three 

different ways: reflection, transmission and hanger. The hanger type of coupling allows a single 
line to service a large number of resonators, as for example in photon detectors based on 
MKID's. We have used this technique to compare resonators of different geometries.  

 
Cat-codes[4] 
A new concept generated by this project has involved Schroedinger cat states which are a 

coherent superposition of two coherent states: 
1 1re. even cat ; im. even cat
2 2

1 1re. odd cat ; im. odd cat
2 2

i i

i i

 

A qubit can be encoded using the 2 even cat states. When those would decay to the odd 
states, the error would not harm the superposition but could be detected by measuring the 
number of photons in the cavity.  

 
 
 

Overview of main results: 

 
Coherence of 3D Transmon [35]  
This new artificial atom that brought a ten-fold increase in the coherence of 

superconducting qubits promoted the idea of microwave hygiene by giving a convincing 
demonstration that avoiding the spurious lossy modes in 2D systems can greatly help overcome 
coherence limitations of quantum circuits. It also provided supporting evidence for the idea that 
surface dielectric loss plays a role in the relaxation of the qubit. Finally it also brought a bound 
on excess quasiparticle numbers in transmons.   

 
Energy relaxation time of 3D Fluxonium [6,2] 
The relaxation time of the transmon can be increased by another factor of ten by going to 

the fluxonium qubit, which minimizes the participation of the substrate capacitance at the 
expense of exposing the qubit more to quasiparticle dissipation. This qubit, together with the 
Cooper pair box demonstrated that the dielectric losses of the intrinsic capacitance of the 
junction are less that of the substrate. It also showed that the excess quasiparticle number in an 
island is of order of unity. Finally, being based on of order one hundred junctions that have to 
work perfectly; it shows that arrays of junctions can successfully employed in superconducting 
quantum circuits. Its peak in relaxation time at half-flux-quantum demonstrates the validity of 
the 4th term in the Josephson current formula, an effect untested since the original prediction of 
the effect in 1962.  
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  Dynamics of quasiparticles [24, 2,1] 
 Experiments on the transmon and fluxonium have determined that coherence of 
superconducting qubits were influenced by excess quasiparticles, and that the number of 
quasiparticles fluctuates with time on long time scales. Quasiparticles are spontaneously 
generated, trapped and can recombine. The rates corresponding to these processes have been 
measured and it has been shown that vortices trapped in the film of the qubit play an important 
role in the trapping of quasiparticle. The trapping  power of a single vortex has been measured.  
  
 Photon shot noise [25] 
 One key mechanism influencing the dephasing of all superconducting qubits was 
identified theoretically and experimentally: fluctuations in the number of photons in the readout 
cavity dephase the qubit and it is of utmost importance to minimize the number of photons in 
ALL modes having dispersive shifts with the qubits.  
  

Long-lived cavities for single microwave photons [15, 8] 
Important progress has been made in the coherence time of superconducting resonators at 

the single photon levels with quarter wavelength post 3D cavities, where the coherence time is 
now 10ms, thanks in great part to the seamless character of the cavity. Surface treatment of the 
aluminum, as well as its purity, has also been found a key factor. Another route in which the 
participation ratio of the resonant mode in the seams is minimized has also been explored, that of 
whispering galleries realized by a parallel plate resonator in the form of two closed rings. We 
have nicknamed this architecture 2.5D as it borrows both from vacuum-as-insulator aspect of 3D 
and the integrated fabrication techniques of 2D. Results with this new type of resonator easily 
surpass that of integrated 2D cavities but can still serve to characterize the quality of metallic 
thin films.   

 
Entanglement of 3 qubits: GHZ and error correction via repetition code [43,22] 
The goal of manipulating the maximally entangled state of a register of 3 qubits is a 

necessary step in the road to the understanding of error correction mechanisms. We have 
generated the GHZ state of 3 qubits and performed the error correction protocol corresponding to 
the repetition code.   

 
Controlling the state of a resonator [21,20,10, 9,43]  
We have demonstrated that we can map the state of a qubit onto the state of a resonator. 

This so-called QCMAP protocol is a crucial operation for the implementation of cat-codes. In the 
same direction we have demonstrated that we could create a Schroedinger cat containing of order 
one hundred quantum of action, setting a new recored on the macroscopicity of a quantum state. 
Of utmost important in the development of cat-codes, jumps of the parity of the number of 
photons in a cavity have been observed, which demonstrated that the error syndrome can be 
monitored continuously.  

 
Entangling state of qubit with a flying coherent state [14] 
Measuring a quantum system can randomly perturb its state. The strength and nature of 

this back-action depend on the quantity that is measured. In a partial measurement performed by 
an ideal apparatus, quantum physics predicts that the system remains in a pure state whose 
evolution can be tracked perfectly from the measurement record. We demonstrated this property 
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using a superconducting qubit dispersively coupled to a cavity traversed by a microwave signal. 
The back-action on the qubit state of a single measurement of both signal quadratures was 
observed and shown to produce a stochastic operation whose action is determined by the 
measurement result. This accurate monitoring of a qubit state is an essential prerequisite for 
measurement-based feedback control of quantum systems. Alternatively, one can describe the 
results of these measurements as a demonstration of the entanglement of a qubit with a flying 
coherent pulse.  

 
High-speed and high-efficiency readout[39,18] 
We have pioneered at Yale the use of Josephson amplifiers for the readout of qubits. In 

this round of funding, we have perfected non-degenerate amplifiers, for which the pump tone is 
incommensurate with the readout frequency, to achieve the best fidelity, efficiency and 
measurement speed. We also have addressed the issue of dynamical range which will be 
important in the future to speed up the readout.  

 
Autonomous state stabilization[19, 7] 
Stabilization of a quantum state by feedback can be done in two different manners: 

through measurements and a correction loop involving an external information processing 
system at room temperature or by realizing a combination of drive and dissipation that stabilizes 
the state autonomously. This last way is also called reservoir engineering or autonomous 
feedback, as it can be shown that the dissipative, non-linear nature of the system can be viewed 
as producing a conditional evolution. We have realized such protocols to demonstrate not only 
the dynamical cooling of a qubit to its ground state, but also the stabilization of a Bell state of 
two qubits sitting in the same cavity. The two qubits do not interact directly, but the dissipative 
interaction of their joint parity with the reservoir that consists of the readout cavity transmission 
line, together with appropriate Rabi drives of the qubit, maintains the entanglement of the two 
qubits for an arbitrary duration.  

 
Directionality of readout amplifier chain[37, 33, 11,5] 
Using Josephson parametric amplifiers for QND measurements of qubit has imposed 

itself as the technique obtaining the best fidelity, efficiency and mesurement speed. However 
these parametric devices are used in reflexion and also do not protect the measured system from 
backaction originating higher up in the amplification chain. Thus, nonreciprocal devices, such as 
circulators and isolators, are required in these measurements both to separate input from output 
and to protect the quantum system from unwanted classical backaction. We have realized a 
microwave quantum-limited amplifier that is directional and can therefore function without the 
front circulator needed in many quantum measurements. The amplification takes place in only 
one direction between the input and output ports. Directionality is achieved by multipump 
parametric amplification combined with wave interference. We have verified the device noise 
performances by using it to read out a superconducting qubit and observed quantum jumps. With 
an improved version of this device, the qubit and preamplifier could be integrated on the same 
chip. 
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